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ABSTRACT
Mutations have been designed that disrupt the tertiary
structure of yeast tRNA*"P. The effects of these
mutations on both tRNA structure and specific
aspartylatlon by yeast aspartyl-tRNA synthetase were
assayed. Mutations that disrupt tertiary Interactions
Involving the D-stem or D-loop result In destablllzatlon
of the base-pairing In the D-stem, as monitored by
nuclease digestion and chemical modification studies.
These mutations also decrease the specificity constant
(fccf/Km) for aspartylatlon by aspartyl-tRNA synthetase
up to K P - I O 4 fold. The size of the T-loop also
influences tRNA**? structure and function; change of
Its T-loop to a tetraloop (-UUCG-) sequence results in
a denatured D-stem and an almost 104 fold decrease
of kcJKm for aspartylation. The negative effects of
these mutations on aspartylation activity are
significantly alleviated by additional mutations that
stabilize the D-stem. These results indicate that a
critical role of tertiary structure In tRNAA"P for
aspartylation is the maintenance of a base-paired
D-stem.
INTRODUCTION
Specific aminoacylation of tRNAs by aminoacyl-tRNA
synthetases (aaRSs) involves recognition of nucleotides presented
in the proper orientation by the folded structure of the tRNA
(1—4). The nucleotides important for specific aminoacylation by
yeast aspartyl-tRNA synthetase (AspRS) have previously been
determined (5); these are G34, U35, and C^ in the anticodon,
G73 at the 3'-CCA terminus, and the G K J ' U ^ base pair in the
D-stem (Fig. 1). Crystallographic analyses (3) and footprinting
experiments (6) have demonstrated that these nucleotides are in
regions of direct contact with the synthetase or in close proximity
for G,0U2j base pair. AspRS contacts the tRNA along the inner
portion of the L-shaped tertiary structure and large portions of
the tRNA are not in direct contact with protein.
The three-dimensional structure of tRNAAsP is well
characterized (4, 7, 8), and involves an array of conserved and
semi-conserved interactions mainly involving the D-stem of the
tRNA (Fig. 1). The majority of nucleotides that participate in
tertiary interactions are not in direct contact with AspRS in the
crystal structure (3). Features of tRNA tertiary structure have
been shown to be important in aminoacylation by certain
aminoacyl-tRNA synthetases (e.g. yeast PheRS) (9, 10).
However, other synthetases require only a simple subset of the
tRNA structure for efficient recognition and aminoacylation. For
example, E.coli AlaRS can aminoacylate an RNA helix that
corresponds to the aminoacyl-acceptor stem of tRNAAk (11).
To characterize the role of tertiary structure elements in the
recognition and aminoacylation of yeast tRNA^ by AspRS, we
constructed a series of mutants that disrupt interactions
responsible for the tRNA folding. Because the structures of both
free tRNA^ (7, 8) and tRNA^ complexed with AspRS are
known (3), the yeast tRNA^/AspRS system represents an
excellent model for understanding the role of tertiary interactions
in stabilizing the folded structure of the tRNA and the contribution
of tRNA tertiary structure features to recognition and
aminoacylation by aminoacyl-tRNA synthetases. In the present
study, the structure of mutant tRNAs were characterized, and
their aminoacylation by AspRS determined by steady-state
kinetics. The results indicate coupling among tertiary structure,
secondary structure stability and tRNA aminoacylation, and point
to a particular role of the D-stem in this process.
MATERIALS AND METHODS
Materials
Yeast AspRS (12) and T7 RNA polymerase (13) were purified
as described. Restriction enzyme BstNl and T4 polynucleotide
kinase were from New England Biolabs (Beverly, MA, USA),
bovine alkaline phosphatase was from Appligene (Strasbourg,
France), nucleases S! and Tj were from Pharmacia (St Quentin-
en-Yvelines, France), diethylpyrocarbonate (DEPQ was from
Aldrich (St Quentin Fallavier, France).
Preparation of tRNA transcripts
Plasmids that contain the genes for wild-type and mutant yeast
tRNA^ were prepared as described (5, 14). Plasmids were
linearized with BstNl and RNA molecules were transcribed using
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T7 RNA polymerase. Transcriptions were performed in 40 mM
Tris-HCl pH 8.1, 22 mM MgCl2. 1 mM spermidine, 5 mM
dithioerythritol, 0.01% Triton X-100, 4 mM each NTP and
5 mM GMP for 4 hours at 37°C. After phenol extraction and
ethanol precipitation, transcripts were purified using denaturing
polyacrylamide gel electrophoresis. Full length RNA was eluted
from gel slices using a Schleicher & Schull (Dassel, Germany)
electroelution apparatus.
Aminoacylation of tRNA
Aspartylation of wild-type and mutant tRNA transcripts were
performed in 0.1 M Hepes-KOH ptt 7.5, 30 mM KC1, 10 mM
MgCl2, 5 mM ATP and 52 /tM L-[3H]aspartic acid at 30°C as
described (15). These reactions were performed under steady-
state conditions of enzyme and tRNA substrate concentrations
(50nM to 10/tM), and sub-saturating concentrations of aspartic
acid (12). As a control, each group of mutants was tested in
parallel with the tRNA^ (G, • C-^) transcript. Apparent Km and
k^ values for aspartylation of tRNA transcripts were derived
from Lineweaver—Burk plots.
Structure mapping of tRNA variants using enzymatic and
chemical probes
tRNA transcripts were dephosphorylated using bovine alkaline
phosphatase and 5'-end labeled using T4 polynucleotide kinase.
RNA was labeled at the 3'-end by first removal of the 3'-terminal
nucleotides by digestion of 5 /tg of tRNA with snake venom
exonuclease. The 3'-CCA end was reconstituted by subsequent
incubation with [a-^PJCTP, ATP and (ATP, CTP):tRNA
nucleotidyl-transferase as described (16).
Modification of tRNAs with DEPC (17) was performed using
3'-[32P]-labeled transcripts. Modification reactions were carried
out in 100 /tl total volume of 50 mM Na cacodylate, pH 7.0 in
the presence of 5 mM MgCl2 (native conditions) or absence of
MgCl2 (semi-denaturing conditions). For each modification
reaction, 20 /tl of DEPC was added and modification reactions
were carried out at 22°C, with occasional vortexing. Following
DEPC modification, RNA was precipitated (20 min at - 7 0 ° Q
by addition of 5 /tg unfractionated yeast tRNA, 15 /tl of 3 M
sodium acetate (pH 4.6) and 300 /tl of ethanol. The RNA pellet
was resuspended in 100 /tl of 0.3 M sodium acetate and
reprecipitated by addition of 300 /tl ethanol. Strand scission was
induced by dissolving the RNA pellet in 20 /tl of aniline:acetic
acid (pH 5.0) and incubating for 20 min at 60°C. Samples were
then dried and dissolved in 20 /tl of H2O; this was repeated
twice to insure complete removal of the aniline. The final pellet
was resuspended in 10 /tl of 8 M urea. Cleavage reactions were
analyzed by denaturing polyacrylamide (15%) gel electrophoresis
and autoradiography.
Structure mapping and footprinting with nucleases S, and Tx
were performed with 5'-[32P]-labeled transcripts in 10 /tl of 5
mM MgCl2, 50 mM NaCl, 10 mM 2-(N-morphilino)-ethane
sulfonic acid, pH 6.5. Labeled and unlabeled transcript were
mixed to give a total transcript concentration of 1 /tM in 10 /tl
reaction volume. For footprinting experiments, yeast AspRS was
dialyzed against 10 mM MgCl2, 50 mM NaCl, 10 mM 2-(N-
morphilino)-ediane sulfonic acid, pH 6.5 in a Centricon 30
(Amicon, Beverly, MA, USA). AspRS was added to footprinting
reactions to give a total concentration of 4 /tM. This assures
saturation of tRNAs with wild-type dissociation constants (ca.
lOOnM) and allows qualitative comparison of relative binding
affinities of tRNA variants. Digestions were performed at 22°C
for 3 min using 1 unit of S, or 0.001 units of nuclease T,.
Reactions were stopped by addition of 40 /tl of 0.4 M sodium
acetate, phenol extraction, and ethanol precipitation.
Ultraviolet absorbance melting experiments
UV absorbance melting curves (18) were obtained on a Beckmann
UV-Vis spectrometer equipped with a temperature controller.
Absorbance was monitored at 260 nm and temperature was
increased at 0.5°C/min. Melting curves were obtained at
transcript concentrations of 1 - 2 /tM in 5 mM MgCl2, 50 mM
NaCl, 10 mM Na cacodylate, pH 7.0.
RESULTS
A series of mutations (shown in Fig. 2) were constructed with
changes in two regions of tRNAAsP involved in tertiary
interactions, the D-stem and loop and the T-loop;the
interdigitation between these two loops contribute to the L-shape
of the tRNA. Steady-state kinetic parameters for aspartylation
of all mutants are shown in Table 1. The preponderant effect
of most of these mutations is on the Km for aspartylation, in
contrast to the k^ effects observed for most mutations of the
identity elements (5).
D-stem mutations
As shown previously, conservative mutations at base pair
Gio'U25, a position known to be important for tRNAAsP
recognition, result in loss of aminoacylation efficiency (5).
Mutation of G10, conserved in all tRNAs, to A10 had a strongly
negative effect on aspartylation (30-fold decrease in k^/K^).
Conversion of U^ to C^ resulted in a decrease of k^/Km of 8
fold. Conversion of the U n • A24 base-pair to either C u • A24 or
Un-G24 had a strongly deleterious effect on aspartylation
activity; the kinetic specificity constant (fc /^Kni) decreased
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Figure 1. Sequence of yeast tRNA** transcript, showing critical tertiary
interactions; the \J].A71 base pair has been changed to G ^ C ^ with no effect
on aspartylation. The nucleotide determinants for specific aspartylation by yeast
AspRS are shaded.
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56—140 fold compared to wild-type transcript. Upon double
mutation to Watson-Crick base pairing (Un-A24 changed to
Cn-G24), aspartylation activity was restored to near wild-type
level. U n • A24 is the only base pair from the D-stem that is not
involved in base-triple formation (Fig. 1). Change of the
U12-A23 pair to C12-G23 was made with the additional change
of Ag to Ggj G9 is only observed in tRNA sequences when a
C^.G^ pair is present, although the exact geometry of this pan-
is not obvious (4). The mutation of these three nucleotides in
tRNAAsp had little effect on aspartylation. The last base pair of
the D-stem, U^-C^, was replaced by C^.G^. This change had
no effect on aminoacylation.
The structures of several of these D-stem mutants were probed
in solution using DEPC reactivity at the N7 position of adenines
(Fig. 3A). DEPC is useful since the solvent accessibilities of
individual adenines can be probed in the presence and absence
of Mg2+ (19). For both modified tRNA^ (17) and wild-type
transcript (14), only A21 is significantly reactive in the presence
of 5 mM Mg2+ (see also Fig. 3B). All other adenines in the D-
stem and loop (A[4, AJJ, A^, A24) as well as A9 and A44 are
reactive only in the absence of Mg2+ (semi-denaturing
conditions). Several mutant transcripts show modification patterns
in the presence of 5 mM Mg2+ that are different from that of
wild-type transcript. For the U u • A24 to U n G^ mutant, all D-
stem and loop adenines are as accessible in 5 mM Mg2+ as in
the absence of Mg2+, especially A23 located in middle of the
stem. This suggests an opening of the stem. The G I Q ' U ^ —
A10-U25 mutant transcript showed a slightly increased reactivity
in 5 mM Mg2+ compared to wild-type transcript. Only the
mutant in which UU.A24 was changed to C n -G24 had a DEPC
modification pattern that was similar to wild-type transcript in
5 mM Mg2+. The modification of D-stem and loop adenines,
except for A21, was weak.
D-loop mutations
The D-loop of tRNA^ is involved in tertiary interactions that
stabilize its folded structure. Nucleotide A21 is highly conserved
among tRNA sequences, but is not directly involved in a tertiary
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Figure 2. tRNA variants characterized. Only the region of the mutation is shown; mutated positions are highlighted. In the tetraloop mutant, residue G^ replaces
the wild-type sequence
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Table 1. Kinetic parameters for aspartylation of yeast tRNAAip variant transcripts with yeast AspRS.
Mutant type tRNAAlP variant A^(nM)
(relative)
loss of efficiency
(x-fold)
tRNAAip
D-stem
D-loop
T-loop
T- and D-loops
- ( 0 , - C T J )
4 ~ C I I A 2
n 2 4 l l 2
((U12-A23)-A,)-
2 |
A21-G2,
A 2 i - U 2 1
Q20.1 —U^ J
C2O.I.A21 —Ujo.i.Uj,
A14.A15~C|4,C|5
A14.A15.C2O.I>A2I~
U54'U5J — A54'A55
-U54UCAAUU60—
1 5
U20 1.U2
50
8400
21000
0.52
1400
240
4500
20000
100
150
50
130
270
150
40
45
1800
100
100
120
0.44
0.31
0.33
3.7
0.38
0.54
0.32
0.54
0.30
0.34
0.38
0.35
0.029
0.13
0.50
0.40
0.030
0.12
7.1x10-3
0.018
0.37
0.35
0.62
0.40
0.11
0.23
0.91
0.75
1.5x10-3
0.13
0.48
0.32
33*
8*
140
56
3
3
2
3
9
5
1
1.3
650
8
2.1
3
0.010
0.72
l . l x l O " 4 87000
0.033 30
All variants were constructed from the G, C^ mutant, which shows equivalent aspartylation parameters to those of fully modified
and U, • A72 transcripts. Apparent Km and k^ values for each tRNAAlp variant, obtained at sub-saturating concentrations of amino acid, were
derived from a Lineweaver—Burk plot as described in 'Materials & Methods'. i t^^m values for replicate experiments varied at most 15%.
The U u -G24 mutant had an anomalously high K,,, and the corresponding values or k^,, and K,,, are less precise.
• see ref. (5).
interaction (8); this position was mutated to the three other
possible nucleotides (Fig. 2B) and the activity (Table 1) and
structure (Fig. 3B) of the mutants were tested. Mutation to C2\
had little effect on aspartylation activity: k^/Km for aspartylation
was decreased only 3-fold from the wild-type value. Chemical
mapping experiments showed little disruption of structure for this
mutant (Fig. 3B) as compared to wild-type. Mutation to U21
produced only a slightly stronger effect on aspartylation : kcJKm
was only reduced 5-fold. Mutation to G21 produced the strongest
effect on aspartylation activity—k^J^ was reduced 9-fold.
Chemical mapping experiments with DEPC showed that adenines
in the D-stem of both mutants were highly reactive in 5 mM
Mg2+. Mutation of position C20.1 to U20.1 had no effect on
structure or activity.
Several mutants were designed to affect tertiary pairs involving
the D-loop. A double mutant, in which both C20.1 and A2I were
changed to U20.1 and U21, gave aminoacylation kinetics similar
to those of wild-type transcript. These mutations allow possible
Watson—Crick base pairing with A,4 and A15, which would
compete with the tertiary interactions involving these nucleotides.
A14 and A15 were strongly modified by DEPC in 5 mM Mg2+
(Fig. 3B); thus this mutant has a perturbed tertiary structure but
is aminoacylated like wild-type. Mutation of both A14 and A15
to C14 and C15 destroys conserved tertiary interactions with
these positions (Fig. 2B). This double mutation had a strongly
deleterious effect on aspartylation activity -kM/Km was
decreased 650-fold from the wild-type value. Structure mapping
experiments of this mutant using single-strand specific nucleases
S! and Tj (Fig. 4A) showed that the D-stem between U^ and
A2i is accessible to these probes; these regions are only weakly
accessible in wild-type tRNA^.
UV absorbance melting curves were performed to assess the
effect of certain mutations in the D-loop on overall structural
stability. In 50 mM Na cacodylate buffer, wild-type and mutant
transcripts exhibited similar broad transitions (data not shown).
On addition of 5 mM Mg2+, the melting curve for the wild-type
transcript changed drastically and showed a cooperative transition
at 65°C. Similar behavior was observed for die C^u —• U20.1
mutant The A21 — C21 mutant had a similar melting curve with
a transition at lower temperature (~55°C). For other mutants-
A2i — G21, A21 — U2i and the two double mutants of the D-
loop- addition of 5 mM Mg2+ had little effect on the melting
behavior and the melting curves were broad and non-cooperative
as in the absence of Mg2+ (Fig. 5).
T-loop mutation
To understand the interaction between the T- and D-loop, mutants
were constructed mat altered the sequence or size of the T-loop
of tRNA^ (Fig. 2Q. The conserved nucleotide U^ was first
changed to A54, and in a second mutant it was changed together
with U55 to AM and A55, which permits base pairing between
positions 54 and 59, and between positions 54/55 and 59/60.
These mutants were aspartylated only 2- to 3-fold worse than
wild-type transcript. In the double mutant, DEPC modified A57
and Asg widiin the altered T-loop in 5 mM Mg2+, whereas Aw
and A55 were virtually unreactive (Fig. 3B). In the wild-type
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Figure 3 . Autoradtographs showing DEPC modification of tRNAA*p transcripts containing mutations in the D-stem (A) or in the D-loop and T-loop (B). Modifications
were performed under native (N) conditions (5 mM MgCl2> 50 mM Na cacodylate, pH 7.0) or semi-denaturing (S) conditions (50 mM Na cacodylate, pH 7.0)
at 22°C. No DEPC was added to the control lanes (C). Triangles mark positions discussed in the text. In (A), the C G24 mutant gives a modification pattern
similar to diat for wild-type transcript.
transcript, AJ7 and A58, which are involved in T-loop folding,
were only modified in the absence of Mg2+. These results
indicate an alteration of T-loop structure upon mutation, probably
a reduction in loop size to 3 nucleotides.
A mutant tRNA^ with a T-loop consisting of a stable
tetraloop sequence -UUCG- (20) (Fig. 2Q was very poorly
aspartylated—K;JKm was reduced 8700-fold. The D-stem of this
mutant was strongly accessible to nucleases Sx and T[ (Fig. 4B).
Likewise, all adenines in the D-stem of this mutant were highly
accessible in 5 mM Mg2+ (data not shown).
Compensatory D- and T-loop mutations
The D-stem in tRNA^ is thermodynamically unstable in the
absence of tertiary structure (21). This instability may explain
the deleterious effect of certain mutations on aspartylation. We
attempted to compensate the negative effect on aspartylation of
both the A14,A15 — C14,C15 mutant and the T-loop shortening
to -UUCG- mutation by stabilizing the D-stem (Fig. 6). For the
Ai4,A15 — C14,Ci5 mutant, C20.1 and A21 were changed to
G*2o.i>C-2i to allow the extension of the D-stem by two G.C base
pairs. For the shortened T-loop mutant
(-UUCG- tetraloop), C^j ^A^ w e r e changed to U2o.i,U2i to
allow the extension of the D-stem by two A.U pairs.
Both mutants gave significantly improved aspartylation (Table
1). For the C14,Cu + Ggn.Gji mutant, aspartylation specificity
improves 81-fold upon stabilization of the D-stem; k^l^ was
reduced only 8-fold from the wild-type value, which results
mostly from a decrease in k^. For the T-loop mutant (-UUCG-
tetraloop + C2o.itA21 — U ^ , , ^ , ) , k^/Km was improved
290-fold over the non-stabilized D-stem. Also, k^lKm was
reduced 30-fold relative to wild-type tRNA^, although k^
equals the wild-type value.
The structures of these mutant transcripts were compared by
S] and T! nuclease cleavage. As discussed above, the A14,A15
— C14,C15 mutant has a D-stem that is strongly accessible to
single-stranded probes. Upon addition of two possible G.C pairs
(C14,Ci5 + G2o.i,G2i), the D-stem is much less accessible to Sj
and T, cleavage (Fig. 4A), consistent with stabilization of the
stem. Strong cuts were only observed at G18, G19, U2o, in the
potential 4-membered loop.
Specifically bound AspRS protects the anticodon loop from
cleavage by single-strand specific probes (22). Nuclease
digestions were performed in the presence of 4 /tM AspRS, which
is sufficient concentration to saturate the wild-type transcript. In
the presence of AspRS, the anticodon loop of the A14,A,j —
C14,C15 mutant is weakly protected from both Si and Ti
cleavage (around nucleotide G34); the intensity of cleavage in the
D-stem is also reduced. In contrast, the anticodon loop for the
A14, A15 - C14,C15 + Can.Aai - G2o.i,G21 mutant is strongly
protected from nuclease cleavage by AspRS. Enzyme cleavage
in the 4-membered D-loop was also reduced. These results show
that the Ci4,Ci5 mutant interacts weakly, whereas the double
mutant A14, A,5 — Ci4,C15 + C2o:i.A2i — G2O1,G21 interacts
strongly with AspRS. This is consistent with the relative K
values for the two mutants (Table 1).
Similar experiments were performed for the T-loop mutants
(with -UUCG- tetraloops). Both the T-loop — -UUCG- and T-
loop UUCG- + C2o-i,A2i — G2o.i,G2i mutants had similar
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Al4,Al5,C20.1,A21
Al4AlS-»Cl4,Cl5 ->Cl4,Cl5,G20.1,G21
B
T loop-> -UUCG-
T loop->-UUCG-
+ C20.1, A21->U20.1, U21
<G34
o G26
<G22
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Figure 4. Autoradiographs showing enzymatic digestion of tRNAAlp variants in which tertiary interactions to the D-loop were disrupted (A) and in which tertiary
interactions between the D-loop and T-loop were disrupted (B). Digestions with nuclease S, (SI) or ribonuclease T, (Tl) were performed in die absence (-AspRS)
or presence (+ AspRS) of 4/iM yeast AspRS. Control lanes ( Q contained AspRS and RNA, but no added nuclease. In (B), a digestion was performed with nuclease
T! under denaturing conditions (T,D). Conditions are fully described in the section 'Materials and Methods'.
S] and I*! digestion patterns (Fig. 4B). The D-stem and loop
was highly accessible to cleavage; strongest cleavage was
observed between U12 and A15. Upon addition of 4 /tM AspRS,
no protection from cleavage of the anticodon is observed for the
-UUCG- tetraloop mutant. Cleavage of the D-stem is somewhat
reduced. Some protection of the anticodon is observed for the
-UUCG- + U2o.i,U2i mutant, whereas no protection of the D-
stem is observed. The weak interaction of both mutants with
AspRS is consistent with their relative K^ values.
DISCUSSION
A defining feature of tRNAs is the conserved set of tertiary
interactions. A number of studies have demonstrated that D-stem
stability is tightly coupled to the presence of tertiary interactions
(21, 23). The isolated D-stem consists of 2 A U and 2 G U base
pairs. In 500 mM NaCl and no Mg2+, the D-stem and tertiary
interactions of yeast tRNA^ melt together at 51 °C, whereas the
D-stem does not even form in an isolated half-molecule of
t R N A ^ (21). The interdependence of D-stem and tertiary
structure stability is not surprising since three triple interactions
plus three tertiary pairs are formed between nucleotides of the
Figure 5. UV absorbance melting curves of wild-type and mutant (C^, ,,A21
—UM i,U2i) tRNA*11' transcripts in the absence (a) and presence (b) of 5 mM
Mgd2- Buffer conditions were 50 mM Na cacodylate, pH 7.0. Absorbance was
monitored at 260 nm, and normalized for differences in tRNA concentrations.
D-stem and loop and nucleotides elsewhere in the tRNA (see
Fig. 1). In this study, mutations that were designed to disrupt
tertiary interactions in tRNA^ also led to disruption of the D-
stem, as observed by nuclease and chemical mapping
experiments.
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Disruption of Ai4»U8 and Ai5«U48 Disruption of D-loop/T-loop interaction
and their compensation
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Figure 6. Disruption of tertiary interaction in t R N A ^ and their compensation. Stabilization of the D-stem of tRNA^ compensates the deleterious effects of tertiary
structure mutations. Mutated nudeotides and disrupted tertiary interactions are indicated. k^JIC^ values relative to wild-type tRNAAjp (boxed) and their improvement
upon stabilization of the D-stem (in bold) are shown. The two compensatory base pairs that extend the D-stem are indicated.
Mutation of nudeotides A14 and A15 in the D-loop, which are
involved in tertiary interactions with Ug and U^, both resulted
in denatured D-stems. Interestingly, mutation of conserved
nucleotide A2| also led to disruption of the structure. This
nucleotide is not directly involved in tertiary interactions, but
is involved in stacking and steric contacts with A14. Mutation
to C2i had the smallest effect on tRNA structure and stability,
whereas mutation to G2i had the largest effect. These results
correlate with possible poor steric contacts with AM upon
mutation to G2i. More drastic mutations considerably affected
the tRNA structure. Mutation of A14 and A l5 to Q 4 and C15
disrupts two conserved tertiary pairs, A14-U8 and Al5-U4g.
Indeed, the D-stem of this mutant was highly accessible to single-
strand probes and nucleases under native conditions.
Relatively large hairpin loops ( 7 - 9 nudeotides) are a
conserved feature among tRNAs (4); this contrasts with the
preference for smaller loops (3-5 nudeotides) in ribosomal
RNAs (24). The larger loops in tRNA may be better suited to
interact with other regions of tRNA or other RNAs than smaller
loops. The T-loop of tRNA^ interacts with the D-loop,
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although in one crystal structure, the Gjg-Cse tertiary pair is
disrupted (8, 25). In the present study, both subtle and more
drastic changes were introduced in the T-loop of tRNAAsP.
Mutation of the conserved U54,U53 residues to Aj4,AJ5 changes
the structure of the T-loop, since these nucleotides can base pair
with U ^ U ^ More drastic changes of the T-loop of tRNA^,
which normally has the sequence (-U^UCAAUUgQ-) to a
tetraloop sequence (-UUCG-) disrupted both the tertiary structure
and D-stem as shown by chemical and enzymatic probes. Thus,
the stable, compact tetraloop structure (26) is not compatible with
tRNA tertiary structure.
Specific binding of Mg2+ stabilizes the folded tertiary
structure of tRNAs. Crystallographic analyses have shown that
at least three Mg2+ ions are bound specifically to tRNA1"1* (27,
28) and t R N A ^ (29) in the region of the D-stem . These ions
stabilize unfavorable electrostatic interactions within the tertiary
structure. Addition of 10 mM Mg2+ shifts the UV melting curve
of the wild-type transcript by 20°C, consistent with this
stabilization. Adenines that are accessible to DEPC in the absence
of Mg2+ are protected on addition of the ion. Magnesium ions
did not stabilize the tertiary structure of many of the mutants in
this study, as shown by both chemical modification and UV
melting experiments. The G21 and U21 mutants gave altered UV
melting curves in 5 mM MgCl2; the broad transitions observed
(Tm ~ 55 °C) for these mutants contrast with the much sharper
transition observed for the wild-type (and C21) sequences (Tm
= 65 °C). These broad melting curves were unchanged upon
addition or removal of Mg2+. Thus, the effect of the D-stem,
D-loop and T-loop mutations are similar: there is a cooperative
loss of tertiary structure and D-stem stability coupled with a loss
of Mg2+ binding. The loss of thermodynamic stability of these
tertiary mutants is probably coupled with the loss of specific
Mg2+ binding sites (30).
The mutations of the D-loop or T-loop do not involve
nucleotides in direct contact with AspRS. These mutations affect
aspartylation by disrupting the tertiary and secondary structure
of tRNAA*P. Mutational studies have shown that G10U25 in the
D-stem is a determinant for specific aspartylation (5). Recognition
of this base pair requires an intact D-stem. Since tertiary structure
formation and D-stem stability are coupled in tRNAAsP,
mutations that affect either resulted in decreased aspartylation.
Mutations that disrupt base pairing in the D-stem significantly
decreased kcaiIKa for aspartylation by 60-140-fold.
Aspartylation activity was restored by introduction of other
Watson-Crick base pairs at positions 11.24. The aspartylation
kinetics of most tertiary structure mutants were reduced by factors
of 10 to 104.
The effect of these mutations involves a major contribution
from the loss of a base-paired D-stem. The deleterious effects
of these mutations were compensated by further mutations that
stabilized the base pairing in the D-stem. k^JKm for the C14,Ci5
mutant was improved by 80-fold by mutating C20.1 and A21 to
G20.1 and G21 to extend the D-stem by two additional base pairs.
Likewise, it^/Km for the T-loop mutant (-UUCG-) was
improved by 290-fold by extending the D-stem by two A.U
base pairs. Although mutants with stabilized D-stems are good
substrates for AspRS, they do not contain the canonical set of
tertiary interactions, and probably do not adopt a stable L-shaped
tertiary structure in solution. Thus, the precise tertiary structure
of tRNA does not seem to be an absolute requirement for
aspartylation by AspRS.
Different aminoacyl-tRNA synthetases recognize tRNAs in
different ways (1, 3, 4). Previous studies of tertiary structure
mutants of tRNA11* have shown that yeast PheRS is sensitive
to tRNA tertiary structure (9, 10). Mutations that destabilized
conserved tertiary interactions reduced k^/Kn values for
phenylalanation by only 10-fold at most, in contrast to the more
drastic effects of mutation on aspartylation observed in this study.
Disruption of tertiary interactions in yeast tRNA1*6 probably
does not lead to a cooperative unfolding of the D-stem, since
this stem is quite stable (3 G.C pairs and 1 A.U pair). Thus,
mutations of tertiary structure have more global effect on
tRNA^ structure. Experiments in which yeast tRNA"* identity
determinants were transplanted into a tRNA^ structural
framework and yeast tRNA^P identity nucleotides were
transplanted into a tRNA"* structural context have shown that
yeast PheRS has stricter requirements for precise tertiary structure
in the region of the D-loop than yeast AspRS (10). This is
consistent with the results presented here, where AspRS has a
strong requirement for a base-paired D-stem and is less sensitive
to the overall tertiary structure.
The crystal structure of yeast tRNA^ with AspRS has shown
that contacts are made with the anticodon loop and stem, the base
of the D-stem and the 3' region of the acceptor stem (3). This
recognition mode is probably not as dependent on the overall
tertiary structure of the tRNA than, for example, that of E.coli
GlnRS, which has a large interaction surface with tRNAGln(l).
There are many examples of naturally occurring tRNA-like
molecules that differ in tertiary structure from canonical tRNA.
Mitochondrial tRNAs often lack conserved nucleotides, or even
entire stem-loops, that are involved in tertiary interactions in
cytoplasmic tRNAs (31, 32). Intriguingly, certain mitochondrial
synthetases (e.g. bovine mitochondrial PheRS) efficiently
aminoacylate both their cognate mitochondrial tRNAs and
cytoplasmic analogs, whereas the cytoplasmic synthetase did not
efficiently aminoacylate the mitochondrial tRNA (33). Thus,
mitochondrial synthetases, which normally recognize tRNA
substrates with relaxed tertiary structures, may be less sensitive
to tRNA tertiary structure than their cytoplasmic analogs. Certain
synthetases are involved in aminoacylation of tRNA-like
structures found at the 3'-ends of some plant viral RNAs (e.g.
HisRS, TyrRS, and ValRS) (4, 34), whereas other synthetases
bind cellular tRNA-like structures (35, 36). Although these may
resemble tRNAs, their precise tertiary structures are different.
The synthetases that recognize these structures may have more
relaxed requirements for precise tRNA tertiary structure.
In summary, mutations that disrupt conserved tertiary
interactions in yeast tRNA^ have a cooperative effect on the
folding of this molecule. For this reason, specific aspartylation
of these mutants is significantly reduced. If cooperative unfolding
of tRNAAsP is blocked by stabilization of the D-stem,
aspartylation is efficient, even in the absence of certain conserved
tertiary interactions. Further characterization of RNA folding and
stability as well as structural studies on tRNA-synthetase
complexes will allow us to understand in detail the role of RNA
tertiary structure (37) in protein recognition.
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